In a previous study, we measured the redox potential of the primary electron acceptor pheophytin (Phe) a of photosystem (PS) II in the chlorophyll d-dominated cyanobacterium Acaryochloris marina and a chlorophyll a-containing cyanobacterium, Synechocystis. We obtained the midpoint redox potential (E m ) values of −478 mV for A. marina and −536 mV for Synechocystis. In this study, we measured the redox potentials of the primary electron acceptor quinone molecule (Q A ), i. ) of A. marina was determined to be +64 mV without the Mn cluster and was estimated to be −66 to −86 mV with a Mn-depletion shift (130-150 mV), as observed with other organisms. The E m (Phe a/Phe a − ) in Synechocystis was measured to be −525 mV with the Mn cluster, which is consistent with our previous report. The Mn-depleted downshift of the potential was measured to be approximately −77 mV in Synechocystis, and this value was applied to A. marina (−478 mV); the E m (Phe a/Phe a − ) was estimated to be approximately −401 mV. These values gave rise to a ΔG PhQ of −325 mV for A. marina and −383 mV for Synechocystis. In the two cyanobacteria, the energetics in PS II were conserved, even though the potentials of Q A − and Phe a − were relatively shifted depending on the special pair, indicating a common strategy for electron transfer in oxygenic photosynthetic organisms.
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photosynthesis | photochemical reaction C hlorophylls (Chls) are key pigments for photosynthesis, and oxygenic photosynthetic organisms containing Chls are found all over the world-they sustain all terrestrial life through the primary production of organic molecules and the production of oxygen. Chl a and its derivatives, pheophytin (Phe) a and Chl a epimer (Chl a′), are used as the electron transfer components in photosystem (PS) II and PS I, respectively, except for in two taxonomic groups, marine cyanobacteria Prochlorococcus spp. containing divinyl-Chl a (1) and marine cyanobacteria Acaryochloris spp. containing Chl d (2). Consequently, experimental and theoretical analyses of the electron transfer system in oxygenic photosynthesis have been exclusively performed in Chl a-containing organisms, and the basic concept of the photosynthetic electron flow has been constructed on the basis of Chl a. However, our understanding of photosynthetic electron transfer is not yet complete because the reaction systems with divinyl-Chl a and Chl d have not been fully analyzed as yet.
Since the discovery of Chl d in Acaryochloris marina in 1996 (3, 4) , questions have arisen on the whether the electron transfer system in this organism is significantly different from those with Chl a. Interestingly, the functional "special pair" are Chl d molecules in the reaction centers of PS I and II in A. marina (5, 6) ; however, in PS II, Phe a is the primary electron acceptor. Chl d gains light energy at longer wavelengths and with a lowered redox potential, by ∼80 mV, compared with that of Chl a in Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis) and spinach (7) (8) (9) (10) (11) . However, the overall conditions for the water-cleavage reaction are satisfied even with the difference in the redox potentials (12) .
In PS I, the redox potential of P740 (corresponding to P700 for other oxygenic photosynthetic organisms) is the same as that of P700 (6, 13) , suggesting that no specific mechanism exists to compensate for the lower energy from the longer wavelength absorption of Chl d. Thus, one can conclude that the redox potentials of the special pair in oxygenic photosynthetic organisms are determined by the oxidizing side of the PS and not by the reducing side. These considerations suggest that a determining factor for the potential of the special pair with a specific pigment(s) might be related to an oxidation reaction that includes ligands and/or hydrogen bonds from the amino acid(s) of proteins to the pigments.
Numerous values have been reported for the essential electron transfer components (primary, Q A , and secondary, Q B ) of PS II on the quinone molecules with redox potentials values ranging from −340 to +120 mV (14) . Q A in PS II is particularly important and may even act in one-gated electron transfer. Because Q A is a critical component in electron transfer in all oxygenic photosynthetic organisms, including A. marina and Synechocystis, its potential might be suitably adjusted to those of the special pair and Phe a − in each organism. Thus, we determined the redox potentials of Q A / Q A − and the energetics between [P680·Phe a − ·Q A ] and [P680·Phe a·Q A − ] (i.e., ΔG PhQ ) in these two cyanobacteria under several critical conditions with particular attention to the water-oxidation activity, Mn depletion and reconstitution with Mn and bicarbonate, and the effect of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). It was found that, by adjusting the potentials of Phe a − (12), the redox potentials of Q A /Q A − in A. marina were positively shifted by 59-66 mV, comparable to that of Synechocystis and in line with the energy gain by the special pair of Chl a (P680) and Chl d (P713). First, we estimated the E m value for the Q A /Q A − of PS II complexes in A. marina. These samples consisted of PsbA, PsbB, PsbD, PsbE, and small peptides PsbI and PsbF, but did not contain any extrinsic proteins (Fig. S1 ) or a Mn cluster. The amount To whom correspondence should be addressed. E-mail: tomo@rs.kagu.tus.ac.jp. (Fig. 1) . Based on the trace obtained, we estimated that the potential value of E m (Q A /Q A − ) in A. marina is +64 mV (Fig. 1A and Table 1 ). The addition of DCMU (10 −5 M) induced a potential shift to +89 mV ( Fig. S2 and Table 1 ). The SD was estimated to be, at most, 1 mV in respective measurements.
In contrast, the potential of Q A /Q A − in intact PS II core complexes isolated from Synechocystis was estimated to be −142 mV (Fig. 1B and Table 1 ). In this case, the complexes retained the Mn cluster and showed an oxygen-evolving activity [2,123 ± 67 μmol O 2 ·(mg Chl) −1 ·hr −1 ] in their initial rates (Fig. S3 ). An effect of DCMU on the potentials was similarly observed in this sample, and the magnitude of increase was 28 mV, a value very similar to the case of A. marina (25 mV). When the Mn cluster was depleted by treatment with NH 2 OH, the E m (Q A /Q A − ) was shifted significantly from −142 mV to +5 mV in the absence of DCMU ( Fig. 1B and Table 1 ). The difference in magnitude was ∼150 mV, indicating that depletion of the Mn cluster or partial destruction of the PS II structure severely affected the potential of Q A . This finding is consistent with the result reported by Krieger and Rutherford (14, 15) , even though the absolute values of the potentials are different [−80 mV in active PS II without DCMU by Krieger and Rutherford (15)]. A DCMUinduced up-shift of the potential of Q A /Q A − was also observed, from +5 mV to +36 mV, even after the Mn depletion (Table 1 and Fig. S2 ), but its magnitude was smaller than that observed in higher plants (15) .
of Spinach PS II Particles. By redox titration measurements of Q A /Q A − couples from spinach that lacked Q B molecules but retained oxygen-evolving activity, we found that they had a redox potential of −146 mV under the control condition ( Fig. 1C and Table 1 ), which is consistent with E m (Q A /Q A − ) values of −162 ± 3 mV from spinach PS II particles reported by Shibamoto et al. (16) . However, it is substantially different from the value of −84 ± 16 mV, reported in 1995 by Krieger et al. (14) . The discrepancy is not clear, but it might be because of the degree of intactness and differences in PS II particle isolation from spinach (SI Discussion).
The potential of Q A /Q A − was significantly affected by the depletion of Mn. When samples were treated with NH 2 OH (10 mM), the potential was up-shifted to −14 mV ( Fig. 1C and Table 1 ). This value remained almost constant, even with the addition of CaCl 2 and MnCl 2 to a titration buffer in the dark or the light. Similarly there was an up-shift of potential to −17 mV with 2-(cyclohexylamino) ethanesulfonic acid (CHES), another Mn cluster-depleting agent (17, 18) , and a result almost identical to the treatment with NH 2 OH (Fig. 1C and Table 1 ). The magnitude of the shift caused by the Mn depletion was ∼130 mV, which is consistent with the value observed for the PS II complexes isolated from Synechocystis (147 mV; Fig. 1B ) and the value in a previous report (14) .
The DCMU effect was also similar for the above three samples. The magnitude of the up-shift was between 25 mV (A. marina; Fig. S3 ) and 47 mV (spinach, control; Fig. S2 ); a similar difference in the shift was also observed for the case of Mn depletion by NH 2 OH (ΔE m = 38 mV, spinach; Table 1 ) and CHES (ΔE m = 41 mV, spinach; Table 1 and Fig. S2 ). It is reasonable to infer that the addition of DCMU to the complexes induced a change that gave a similar shift in potential, irrespective of the samples. A larger ΔE m (∼50 mV) in higher plants than in cyanobacteria is consistent with the report by Krieger and Rutherford (15) . particles in the presence of free Mn 2+ and Ca 2+ and that the addition of bicarbonate (1-5 mM) causes a considerable increase in both the rate and the yield of the photo-assembled oxygen-evolving complex (17, (19) (20) (21) , even though bicarbonate was not found in the complex of recent crystallographic analysis. The stimulatory effect of bicarbonate in the photo-assembly of the oxygen-evolving complex is evidently based on the formation of easily oxidizable Mn-bicarbonate complexes (22) , its participation in proton exchange within the oxygen-evolving complex (17, (21) (22) (23) , and its suppression of photodamage to PS II (17, 23, 24) . Here we observed a restoration of the E m (Q A /Q A − ) and oxygen-evolving activity (Fig. S3) . Under control conditions, the Q A /Q A − potential was −146 mV (Table 1) , but it shifted to −17 mV after depletion of the Mn clusters by CHES. With the addition of MnCl 2 (200 μM) and NaHCO 3 (5 mM), as well as light (photo-activation), we observed a clear restoration to −146 mV (Table 1 and Fig. S2E ) with the magnitude of the potential being fully recovered. These results clearly show that the restoration of the potential of E m (Q A /Q A − ) is positively correlated with oxygen-evolving activity.
Restoration of the Phe a/Phe a − Potential in Synechocystis. In a previous study (12) , we examined the redox potentials of Phe a/Phe a − in the presence of a stabilizer (1 M betaine) in three preparations (Synechocystis, A. marina, and spinach): we found that the stabilizer induced a positive shift with a magnitude of, at most, −80 mV. These observations strongly indicate that the structure of the Mn cluster seriously affects the potentials of Phe a/Phe a − , even if the spatial loci are very far from the sites of the Mn cluster and Phe a. In the present study, we observed a reversible change in the redox potentials of Q A /Q A − caused by the presence of the Mn cluster in Synechocystis (Table 1) . In terms of a long-range effect of the Mn cluster on the potentials of the components in the reducing side of PS II, these two effects are comparable. Therefore, we examined the potentials of Phe a/Phe a − after reconstitution of the Mn clusters. We used PS II complexes from Synechocystis, and the potentials were titrated. Under the control condition, the potential was estimated to be −525 mV (Table 2) , and the SD was estimated to be, at most, 5 mV in the respective measurements. This potential value is consistent with our previous study, which found −536 mV (12), confirming a reproducibility of our measurements with different batches of samples. In this article, we describe the potential of Phe a/Phe a − to be −525 mV. For three kinds of treatment for the depletion of Mn clusters (i.e., CHES, NH 2 OH, and Tris), the magnitudes of down-shift of the potential of Phe a/Phe a − were −69, −84, and −55 mV, respectively (Table 2) . Treatment with Tris resulted in irreversible damage to the samples, leading to the idea that reconstitution of the Mn cluster was not possible after Tris treatment, even though the magnitude of the potential shift was small. However, it is interesting to note that, after CHES and NH 2 OH treatment, the presence of MnCl 2 , NaHCO 3 , and light, the oxygen-evolving activity was recovered and, at the same time, the potential of Phe a/Phe a − was recovered to −543 and −557 mV, respectively (Fig. 2C, Fig. S3 B and C, and Table 2 ). Table 1 ). These complexes did not retain a Mn cluster. Additionally, we showed that the E m (Q A /Q A − ) values of the PS II samples from Synechocystis and spinach, −142 mV and −146 mV, respectively, were up-shifted by ∼130-150 mV by Mn depletion (Fig. 1 B and C and Table 1 ), which is consistent with a recent result for Thermosynechococcus elongatus (25) . Because the A. marina PS II sample did not retain a Mn cluster, it is reasonable to assume that the E m (Q A /Q A − ) was down-shifted when the PS II complexes from A. marina with Mn were evaluated; an expected value would be approximately −76 mV when the observed difference in the Mn-depleted potentials (−130 mV for spinach and −150 mV Synechocystis) is applied (Table 1) This consideration may be extended to the potential of Phe a/ Phe a − . As shown in the Synechocystis PS II complexes (Fig. 2) , the Mn-depleted down-shift of the E m (Phe a/Phe a − ) was approximately −77 mV (−525 mV vs. −602 mV, the latter being an average −401 ± 5*
Discussion
The redox state of Phe a was estimated by the absorption change either at 683 nm (Synechocystis) or at 452 nm (A. marina) (Materials and Methods). *Represents a value estimated from the value for Synechocystis. of −594 and −609 mV). In our previous study, the E m (Phe a/Phe a − ) of A. marina was −478 mV (12) . If this difference in the potential were applied to A. marina, an expected value would be −401 mV when the Mn cluster is present (Table 2) . Compared with the observed E m (Phe a/Phe a − ) of Synechocystis (−525 mV), the difference in the potential would be ∼124 mV, which is slightly larger than the difference in the energy gain of Chl a and Chl d. ] was calculated to be −325 and −383 mV for A. marina and Synechocystis, respectively (Fig. 3) . These values are generally consistent with previous reports on the ΔG PhQ estimated by charge recombination: −310 mV for Synechocystis (26) and −340 mV for spinach (27) . Because this energy gap is one of the essential factors that drive forward, as well as backward (charge recombination), electron transfers, the consistency of these values suggests that the overall energetics in the electron transfer pathway from the P* to Q A − in A. marina are essentially identical to those in other Chl acontaining photosynthetic organisms. In oxygenic photosynthetic organisms, this ΔG PhQ corresponds to the reaction step. The consistency of the ΔG PhQ between A. marina and Synechocystis might be an important factor for their overall energetics in PS II. This conclusion may be confirmed with further studies on the electron transfer rate between Phe a and Q A in related organisms.
The exact nature of primary electron donor in A. marina is still controversial. In our previous work, we assigned the Chl d dimer to the special pair based on results from absorption change, more sensitive/modern method FTIR spectroscopy, and redox potential of Phe a using highly purified samples (5, 12) . In addition, some other studies using partially purified samples support our view (28, 29) . However, for another study using partially purified samples, a different component (Chl a and Chl d heterodimer) was proposed for the special pair (30) . Additionally, in an earlier study, Shevela et al. (31) proposed that the redox potentials of the wateroxidizing complex in its different S i states (donor side of PS II) are almost the same for A. marina cells and spinach thylakoids. However, experimental evidence for this interpretation was completely indirect. Moreover, it has been shown that the potential of P740 in A. marina is almost the same as that in Synechocystis (+435 mV) (6, 13) . The cytochrome b 6 f complexes are situated between the PS II and PS I complexes, although we have no data on the potential of these complexes in A. marina. As the properties of the potentials of this complex are resolved, we will be able to clarify whether changes in the potentials of PS II in A. marina are limited to PS II, which will be closely related to the structural and functional sequence of the complexes in cyanobacteria.
Materials and Methods
Preparation of Complexes. Core complexes from A. marina. PS II core complexes from A. marina MBIC 11017 were isolated as described previously (5) but with slight modifications (12) . The number of Chl d and Chl a per two Phe a molecules was estimated to be 29.6 and 1.9, respectively. Core complexes from Synechocystis sp. PCC 6803. PS II core complexes of Synechocystis sp. PCC 6803 were prepared per a previously described procedure (32) . PS II particles from spinach. PS II membrane fragments from spinach chloroplasts were isolated as reported previously (33) . Q B was removed by Triton X-100 treatment, as described previously (34) . The oxygen-evolving activity was ∼600 μmol O 2 ·(mg Chl)
Preparation of biochemically treated samples: Mn depletion. To obtain Mndepleted samples, Tris, CHES, and NH 2 OH treatments were performed on PS II complexes isolated from Synechocystis (17) (18) (19) (35) (36) (37) .
Reconstitution of Mn-depleted PS II complexes. Photo-activation of the Mn cluster was achieved as described previously on PS II complexes isolated from Synechocystis and spinach PS II particles (17, 19-21, 35, 37) . The oxygenevolving activities were recovered to ∼40-55% of that of the untreated PS II complexes. The experimental details for the reconstitution procedures are given in SI Materials and Methods. Titration. All experiments were performed in the presence of betaine, a natural osmolyte, at pH 7.0, because it has previously been shown that PS II preparations are more stable in the presence of 1 M glycine betaine (12, (38) (39) (40) (41) (42) (43) . Details of the physiological conditions used for various species are summarized in SI Materials and Methods, Figs. 1 and 2 , and Figs S1−S3). Phe titration. We adopted and performed a titration procedure as described in our previous report (12) . The experimental details for the redox titration are given in SI Materials and Methods. plotted as a function of the redox potential, it gave a Nernst curve. We used a double-modulation fluorometer (model FL 3500; Photon System Instruments) and took measurements using only the measuring light (very low intensity). The redox titration was performed under anaerobic conditions (under argon) in a reaction mixture (5 mL; ∼8 μg of Chl·mL −1
) containing 50 mM Mes (pH 7.0), 10 mM NaCl, 2 mM MgCl 2 , 5 mM CaCl 2 , 0.04% β-D-dodecyl maltoside, and 1 M betaine in the presence of sodium dithionite [50-100 μM; E m at E m = −660 mV at pH 7 (44)] and/or potassium ferricyanide (up to 100 μM; E m = 430 mV at pH 7). Reversible redox titrations were obtained easily at low concentration of Chl (8 μg of Chl·mL
−1
). After titrations in the reducing direction, reoxidation was performed two to three times on the same samples. Each sample was used for two to four different measurements of potential in the reducing or oxidizing direction. Reductive and oxidative titrations were performed by gradual addition of sodium dithionite and potassium ferricyanide, respectively. The titration was performed without redox mediators.
